INTRODUCTION {#sec0005}
============

The incidence of urothelial carcinoma of the urinary bladder is steadily increasing, with an estimated 79,030 new cases and 16,870 deaths in the United States in 2017 \[[@ref001]\]. The leading cause of cancer-related mortality is the metastatic dissemination of the disease \[[@ref002]\]. Therapeutic options for metastatic UCB are limited. Standard systemic chemotherapy provides only a small improvement in overall survival, indicating a clear need of new therapeutic approaches \[[@ref003]\].

Several histopathological parameters have been established to improve prediction of the individual cancer biology \[[@ref004]\]. However, the early functional processes during metastasis formation are complex, involving a plethora of acting molecules and cell types. The modulation of the extracellular matrix (ECM) is a crucial event in the highly regulated multi-step process of metastatic spread, including the action of MMPs \[[@ref006]\]. The MMP family consists of more than 20 different proteases which contribute to physiological processes such as wound healing. However, they are also involved in pathologic conditions such as the formation of metastasis \[[@ref008]\]. In UCB, MMP2, MMP7 and MMP9 are considered to be amongst the most relevant MMPs defining the potency of the tumor cell to spread \[[@ref010]\].

MMP7 is the smallest member of the MMP family and lacks a typical hemopexin domain which is otherwise known to confer substrate specificity. The resulting broad enzymatic activity against different major components of the ECM and the basal membrane (Fibronectin, laminin, type IV collagen, proteoglycans, VE-cadherin) suggests a prominent role in early cancer invasion and metastasis formation in UCB \[[@ref010]\]. Furthermore, MMP7 may cleave and thereby activate MMP2 and MMP9 zymogens as well as the precursor proteins of tumor necrosis factors \[[@ref013]\]. Multiple sources are known to contribute to elevated MMP levels in tumor tissue, e.g. tumor associated fibroblasts for MMP2 and inflammatory cells such as neutrophils and macrophages for MMP9 \[[@ref009]\]. Conversely, expression analysis confirmed tumor cells as the principle origin of MMP7 \[[@ref015]\]. Clinical data seem to support a pathophysiological role of MMP7 in UCB. Elevated serum, urine and tissue MMP7 levels were detected in patients with lymph node positive bladder cancer. Moreover, high MMP7 serum concentrations proved to be an independent and unfavorable predictor for disease-specific survival \[[@ref016]\]. Svatek et al. validated the negative prognostic role of MMP7 in an independent cohort of bladder cancer patients while MMP1, MMP2, MMP3, MMP8 and MMP9 levels showed no correlation \[[@ref018]\].

We aimed to measure the specific effects of MMP inhibition, focusing on the functional role of MMP7 during the initial phase of the metastatic cascade. For this purpose, we used a previously established electrophysiological preclinical assay which allows standardized assessments of the invasive potential of UCB cells \[[@ref019]\]. This assay measures the trans-epithelial electrical resistance (TEER) of an epithelial monolayer formed by the high-resistance Madin-Darby canine kidney (MDCK)-C7 cell line \[[@ref020]\]. The TEER assay has been widely used to measure the invasive potential of cancer cells and inflammatory fibroblasts \[[@ref019]\]. In contrast to filter-based transmigration assays (e.g. Boyden chamber), the TEER assay is already sensitive to secreted proteases, mimicking the early cross-talk between invading cells and the surrounding tissue \[[@ref024]\].

MATERIAL AND METHODS {#sec0010}
====================

Cell lines {#sec0015}
----------

The human UCB cell lines HT1197 and T24/83 were used. Both cell lines were obtained from the *European Collection of Authenticated Cell Cultures* (ECACC). The benign simian virus 40 (SV40) large T antigen immortalized UROtsa cell line served as a control. Cells were cultured in 75 cm^2^ flasks in cell culture medium, containing minimal essential medium for HT1197 and McCoy medium for T24/83, supplemented with 10% fetal bovine serum and 2 mM glutamine. The incubation was performed at 37°C in humid atmosphere of 5% CO~2~. Twice a week the media were changed with sub-cultivation at 70 to 80% of confluency.

Invasion assay {#sec0020}
--------------

The invasive potential of UCB cells was measured with a previously described electrophysiological assay \[[@ref019]\]. A schematic drawing of the technical setup is illustrated in [Fig. 1A](#blc-4-blc170124-g001){ref-type="fig"}. The assays based on the co-cultivation of carcinoma cells with high resistance MDCK-C7 cells which form an electrically tight epithelial monolayer. MDCK-C7 cells were cultivated in MEM medium (PAA, Pasching, Austria) supplemented with 10% FCS, 1% L-Glutamine and 1% antibiotics and maintained at 37°C in a humidified 5% CO~2~ atmosphere. Cells were grown to confluence on the inverse side of a filter cup insert (growth area, 4.2 cm^2^; pore diameter: 0.4*μ*m; thickness, 20*μ*m; BD, USA). To maintain the cells, medium was changed every 24 h. Co-cultivation with malignant or benignant cells (concentration 10^6^ cells) was started 72 h after seeding the MDCK-C7 cells. TEER was measured with Ag/AgCl chopstick electrodes connected to an ohmmeter (EVOM, World Precision Instruments, USA). Obtained data were normalized and the invasive potential was calculated using [equation 1](#eq1){ref-type="disp-formula"}. $${{invasive}\mspace{9mu}{potential}}\mspace{9mu} = \mspace{9mu}\frac{{TEER}_{0}}{{TEER}_{t}}$$

![Invasive properties of UCB cells. (A) The TEER assay depends on a high electrically resistant MDCK-C7 cell layer, seeded upside down into a filter cup insert. UCB cells were cultivated in the upper compartment of the filter cup. Therefore, MDCK-C7 cells were physically separated from the UCB cells limiting the communication of both cell types to released molecules. Immunofluorescence staining of MDCK-C7 cells documents the formation of tight junctions. Tight junctions were detected by zonula occludens 1 specific antibodies (green). Cell nuclei were stained in blue using 4^′^,6-Diamidin-2-phenylindol. Scale corresponds to 50*μ*m. (B) The dynamic development of the trans-epithelial electrical resistance (TEER) as a function of time. The invasive potential of malignant HT1197 and T24/83 cells was compared to that of the benignant urothelial cell line UROtsa. TEER was followed for three days after challenging the MDCK-C7 epithelial layer (*t* = 0 h). (C) Invasion coefficients were calculated with [equation 1](#eq1){ref-type="disp-formula"} and invasive properties 60 h and 120 h after carcinoma cells addition were compared. HT1197 caused the strongest TEER breakdown. (D) Proliferation rate of the UCB cells was of a comparable magnitude whereas HT1197 showed the lowest cell growth and UROtsa cells had the highest cell increment. n.d.: not detectable, ^\*^*P* \< 0.05 *t*-test.](blc-4-blc170124-g001){#blc-4-blc170124-g001}

TEER~0~ corresponds to the TEER value prior to the addition of UCB cells to the MDCK-C7 cell layer. TEER~t~ corresponds to the TEER values obtained at indicated points in time (60 h, 120 h).

Proliferation assay {#sec0025}
-------------------

Proliferation was measured in 96-well plates using the WST-1 assay (Sigma-Aldrich, USA). The assay was performed according to the manufactures' protocol.

Gel zymography {#sec0030}
--------------

Gel zymography was used to measure the activity of MMPs semi-quantitatively in the supernatants or cell lysates of UCB cells. Supernatants and cells were harvested after 48 h of cultivation in medium without serum. Gelatine zymographies were used to detect MMP2, MMP9 and MMP1 whereas casein was used as substrate for MMP7. Zymographies were performed as previously described \[[@ref025]\].

MMP Inhibition {#sec0035}
--------------

To investigate the effect of unspecific MMP modulation, we added the broad-spectrum inhibitor *4-Aminobenzoyl-Gly-Pro-D-Leu-D-Ala hydroxamic acid* (AHA; Sigma-Aldrich, USA) at a concentration of 0.5*μ*g/ml. Due to the specific design and structure of AHA it is able to complex with the MMP active site zinc ion and thereby inhibits a multitude of collagenases and gelatinases \[[@ref027]\].

siRNA Transfection {#sec0040}
------------------

The siRNA transfection followed manufacturers' instructions using Lipofectamine^®^ 2000 as a transfection reagent. Optimal amounts of the different components were determined previously. Prior to the invasion experiments we compared the knockdown efficiency of two distinct siRNAs using qRT-PCR. For quantitative analysis of MMP7 gene silencing, HT1197 cells were transfected with two different siRNAs (Hs_MMP7_5 (MMP7_5), Hs_MMP7_6 (MMP7_6), Qiagen, Netherlands). The siRNAs had the following sequences: MMP7_5:5'-ACC CAT TTG ATG GGC CAG GAA-3'; MMP7_6:5'-TGC AGT GAT GTA TCC AAC CTA-3'. The Silencer® Select Negative Control No. 1 siRNA (siCo, life technologies, USA) served as a control. To attenuate the invasive potential, UCB cells were transfected 5 hours prior to seeding in the invasion assay using 50 pmol of siRNA. Coefficients were normalized to UCB cells transfected with siCo.

Quantitative real time PCR (qRT-PCR) {#sec0045}
------------------------------------

UCB cell RNA was extracted using RNeasy Mini Kit (Qiagen, Netherlands) and followed the manufacturers' instructions. For cDNA synthesis, random hexamers were used. MMP7 mRNA gene expression levels were determined by qRT-PCR using AmpliTaq® Fast DNA-Polymerase (life technologies, USA) and StepOnePlus® Real-Time PCR System (life technologies, USA). The mRNA gene expression levels of ß-glucuronidase (GUS) served as the endogenous control \[[@ref029]\]. For quantitative analysis we referred to the comparative C~T~ method \[[@ref030]\].

Western blot {#sec0050}
------------

Cultured UCB cells were pelleted and lysed with lysis buffer (50 mM Tris/HCl, pH 7.4; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 10% glycerol and 1% Triton-X 100). Protein concentration was quantified using the Bradford assay. Equal amounts of protein samples (50*μ*g/lane) were separated by sodium dodecyl sulfate--polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblotting was performed as previously described \[[@ref021]\]. MMP7 was detected with a monoclonal mouse IgG~2B~ antibody (R&D systems, USA). As control, *β*-actin was detected with a monoclonal IgG~1~ antibody (Sigma-Aldrich, USA).

Statistical analysis {#sec0055}
--------------------

Values are presented as mean±standard deviation (SD). At least three independent measures were performed in each setting. Statistical analysis was performed with GraphPad Prism 6 software. We applied the unpaired Student's *T*-test and the non-parametric Mann--Whitney U test to evaluate statistical significance. *P*-values below 0.05 were considered as significant.

RESULTS {#sec0060}
=======

The experimental setup of the TEER assay is shown in [Fig. 1A](#blc-4-blc170124-g001){ref-type="fig"}. MDCK-C7 cells are known to form tight cell junctions as indicated by TEER values above 10,000 ohm\*cm^2^ \[[@ref031]\]. Breakdown patterns of the TEER assay were strongly time-dependent, requiring a co-culture of MDCK-C7 and UCB cells of several hours to days to induce a total TEER breakdown ([Fig. 1B](#blc-4-blc170124-g001){ref-type="fig"}).

Benign UROtsa cells did not exhibit any invasive potential when compared to malignant T24/83 or HT1197 cells ([Fig. 1B](#blc-4-blc170124-g001){ref-type="fig"}). The corresponding invasion coefficients were calculated using [equation 1](#eq1){ref-type="disp-formula"}. HT1197 cells showed the highest invasive potential with an invasion coefficient of 14.8±5.75 after 60 h of co-culturing. The initial moderate difference between T24/83 and UROtsa cells (1.5±0.56 vs. 1.2±0.15) became significantly different after 120 h (2.8±1.62 vs. 1.3±0.09; *p* \< 0.01; [Fig. 1C](#blc-4-blc170124-g001){ref-type="fig"}). To exclude that the HT1197 cell-induced TEER breakdown was related to a higher proliferation rate and therefore to an elevated nutrient consumption we performed a WST-1 assay. [Figure 1D](#blc-4-blc170124-g001){ref-type="fig"} shows that the cell growth of HT1197 cells was lowest, suggesting that the high invasive potential is not because of an excessive cell proliferation.

Based on previous studies indicating that MMPs trigger the invasion of tumor cells, we quantified the expression of several MMPs by qRT-PCR. [Figure 2A](#blc-4-blc170124-g002){ref-type="fig"} shows that the benign UROtsa cell line expresses high levels of MMP1 and MMP2 and relatively low levels of tissue inhibitors of MMP (TIMP) 1 and 2. The malignant UCB cells expressed only low levels of almost all MMPs, whereas TIMP1 and TIMP2 were secreted in high amounts.

![Profiling of MMP expression and the impact of MMPs on the invasive potential of bladder cancer cells. (A) Gene expression of various MMPs was compared by qRT-PCR. UROtsa cells were characterized by a high expression of MMP1 and MMP2. HT1197 and T24/83 showed relatively high levels of TIMP1 and TIMP2 expression. (B) Gel zymographies were used to measure the activity of MMPs in supernatants (MMP9, MMP2, MMP1) and cell lysates (MMP7) of UCB cells. Supernatants of UROtsa cells contain highest levels of MMP9, MMP2 and MMP1. However, malignant cell lines secreted only minor amounts of the corresponding MMPs. Latent forms of MMP7 were detected in all cell lysates, whereas the active form of MMP7 was only found in HT1197 cells. (C) The broad spectrum MMP inhibitor AHA attenuates significantly the invasive potential of HT1197 but not of T24/83 cells 60 h after seeding of the UCB cells. ^\*^*P* \< 0.05 *t*-test.](blc-4-blc170124-g002){#blc-4-blc170124-g002}

To substantiate the transcriptional analysis, we have performed gel zymographies of cell supernatants (MMP9, MMP2 and MMP1) and cell lysates (MMP7) using gelatin or casein as substrates, respectively ([Fig. 2B](#blc-4-blc170124-g002){ref-type="fig"}). In agreement with the qRT-PCR data, we found that UROtsa cell released high amounts of MMP9, MMP2 and MMP1. The levels of these MMPs were close to the detection limit in T24/83 and HT1197 cells. In contrast, MMP7 was found in all tested cell lysates. However, the active form of MMP7 was only present in lysates of HT1197 cells ([Fig. 2B](#blc-4-blc170124-g002){ref-type="fig"}).

To further characterize the impact of MMPs on the invasive potential of the malignant UCB cells, we analyzed the influence of the broad spectrum MMP inhibitor AHA within our invasion assay ([Fig. 2C](#blc-4-blc170124-g002){ref-type="fig"}). The addition of AHA (0.5*μ*g/ml) significantly reduced the invasive potential of HT1197 cells \[invasive coefficient 14.8±5.75 vs. 9.4±4.26; *p* \< 0.05\]. In contrast, AHA had no impact on the behavior of T24/83 cells.

The active form of MMP7 was exclusively detected in HT1197 cell but not in UROtsa or T24/83 cells. The impact of MMP7 was further investigated using MMP7-specific siRNAs. Prior to the invasion experiments, we compared the two distinct MMP7 siRNAs, MMP7_5 and MMP7_6. Knockdown efficiencies were measured by western blot and by qRT-PCR ([Fig. 3](#blc-4-blc170124-g003){ref-type="fig"}). Both siRNAs silenced the expression of MMP7 in HT1196 cells when compared with scrambled control siRNA (siCO). The strongest knockdown effect \[91±9.5%; *p* \< 0.01\] was observed 21 h after cell transfection using the MMP7_6 siRNA \[vs. 66±10.1 % with MMP7_5 siRNA; *p* \> 0.05\] ([Fig. 3A](#blc-4-blc170124-g003){ref-type="fig"}). A comparable knockdown efficiency of MMP7 was detected by western blot analysis ([Fig. 3B](#blc-4-blc170124-g003){ref-type="fig"}). Therefore, subsequent invasion assays were performed with the MMP7_6 siRNA.

![(A) MMP7 gene silencing using small interfering RNAs (siRNAs) in HT1197 cells. Knockdown efficiencies of two distinct siRNAs (MMP7_5, MMP7_6) were determined at indicated post-transfection time points using qRT-PCR. The knockdown efficiency was normalized to cells transfected with scrambled siRNA (siCo = 1, dashed line). (B) Western blot analysis of cells treated with different amounts of siRNAs (20, 35, 50 pmol) were performed 18 h, 42 h and 75 h post-transfection.](blc-4-blc170124-g003){#blc-4-blc170124-g003}

MMP7 silencing in HT1197 cells reduced their invasiveness significantly \[invasion coefficient 20±1 vs. 16±2.8; *p* \< 0.05\]. In contrast, knockdown of MMP7 in T24/83 cells failed to decrease their invasive potential ([Fig. 4](#blc-4-blc170124-g004){ref-type="fig"}).

![Impact of MMP7 knockdown on UCB cell invasiveness 60 h after seeding the carcinoma cells. Silencing of MMP7 attenuated the invasive potential HT1197. Invasiveness of T24/83 cells was not affected. ^\*^*P* \< 0.05 *t*-test.](blc-4-blc170124-g004){#blc-4-blc170124-g004}

DISCUSSION {#sec0065}
==========

The formation of metastasis is the leading cause of cancer-related mortality and its prevention remains a major therapeutic challenge. Only surrogate markers of micrometastatic disease such as lymphovascular invasion have been described and current therapies have limited efficacy in metastatic stages of UCB \[[@ref003]\]. Factors involved in the metastatic cascade need to be identified and their functional role characterized in order to identify potential therapeutic targets, preferably in the early process of cell dissemination. We used an experimental setting of TEER measurements, preventing direct physical contact between UCB cells and the barrier-forming epithelial cell layer. Therefore, only secreted factors such as MMPs contribute to the measured invasive potential of the UCB cells. Indeed, our previous studies on other tumor entities demonstrated that different proteases and MMPs are responsible for the breakdown of barriers and consequently of the TEER \[[@ref031]\]. There is growing evidence that the enzyme group of MMPs may be critically involved in the invasive process and metastatic cascade of UCB, particularly MMP2, MMP7 and MMP9 \[[@ref010]\]. MMP7 is of high interest because its expression correlates significantly with the development of metastasis and other oncological end points \[[@ref010]\]. The underlying molecular mechanisms are unknown and we can only speculate about the possible molecular action of MMP7 within our assays. MMP7 is able to interact with cell surface-associated glycosaminoglycans and it remains associated with the plasma membrane after secretion \[[@ref034]\]. After its activation, MMP7 is then able to release cell surface bound proteins such as tumor necrosis factor *α* \[[@ref035]\]. Previously, we could prove that melanoma-derived heparanase boosts cancer cell invasion through the release of vascular endothelial growth factor A from glycosaminoglycans suggesting a comparable molecular mechanism \[[@ref021]\].

Several clinical trials assessed the potential therapeutic effect of MMP inhibition in different tumor entities \[[@ref011]\]. However, severe side effects and a lack of clinical benefit were observed after the application of broad spectrum MMP-inhibitors preventing their wide-spread application in oncology \[[@ref037]\]. An unspecific targeting by these inhibitors and miscellaneous physiological substrates for MMPs may explain clinical failure \[[@ref011]\]. In line with that, we have recently reported that UROtsa cells but not HT1197 cells release a high amount of MMP2 and MMP9, indicating that the invasiveness of HT1197 cells is not directly linked to the secretion of these MMPs \[[@ref019]\]. In the present study, we have again confirmed this discrepancy between MMP2 and MMP9 expression and cell invasion.

However, we were able to demonstrate that an undirected modulation of MMPs with the broad-spectrum inhibitor AHA resulted in a significant reduction of the invasive potential of HT1197 cells. Because the invasive capacity of T24/83 cells is comparatively low, it is likely that the potential effect of AHA is beneath the detection limit of our TEER assay.

To further elucidate which of MMP contributes to the invasiveness of HT1197 cells, we have followed the hypothesis of Szarvas and co-workers who argued that MMP7 is a major driver of UCB cell dissemination *in vivo* \[[@ref016]\]. Indeed, we could prove by gel zymography that only HT1197 cells produce an active MMP7 but not UROtsa and T24/83 cells, supporting the previous hypothesis. To better consolidate the role of MMP7, we applied specific siRNAs to induce a transient silencing of the MMP7 expression in HT1197 and T24/83 cells.

In line with the findings of Szarvas et al., we observed a significant reduction of the invasiveness of HT1197 cells after MMP7 knockdown \[[@ref017]\]. As expected from the experiments with AHA, the MMP7 siRNA had no effect on the T24/83 cells.

Tumor cell invasion is a complex and highly regulated process mediated not only by the invading cells but also by neighboring cells from the tumor microenvironment \[[@ref038]\]. Besides tumor-derived MMPs, a relevant amount of proteases with stromal origin may contribute to the invasive phenotype of UCB cells \[[@ref039]\]. UCB invasion is complex and depends on various key player molecules of which MMP7 represents only one aspect. We are aware that our study is inherently limited by its *in vitro* design, limiting the transfer of our results to a complex *in vivo* situation. Despite this limitation we noted a high variability of the invasive potential among the tested cell lines, corroborating the general idea of a patient-oriented therapy considering the individual tumor biology. Our results support the hypothesis that at least a subgroup of UCB patients might be treated by specific MMP7 targeting, thereby reducing the risk of invasive cancer growth and the formation of metastasis. Taking the existing *in vivo* data into account innovative trial design employing specific MMP7 inhibition or improved drug delivery systems would be needed to validate the potential clinical significance of MMP7 targeting. Although the cell lines used in the present study cannot reflect the entire tumor biology of UCB *in vivo*, the presented data provide basic mechanistic insights into the complex regulation of proteases and MMPs in bladder cancer. Further studies, including experimental UCB mouse models that are currently established in our laboratory, will further substantiate the biological impact of different invasion mechanisms.

CONCLUSIONS {#sec0070}
===========

Downregulation of MMP7 by siRNA may reduce the invasive potential of UCB, thus interrupting the metastatic cascade in an early stage of cancer cell dissemination. At least in a subgroup of UCB, specific MMP7 targeting may represent a promising therapeutic option and warrants further investigation.
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